A novel algorithm for creating coarse-grained, density dependent implicit solvent models J. Chem. Phys. 128, 154115 (2008) We study the effective interactions and phase behavior of star polymer-colloid mixtures through theory and Monte Carlo simulations. We extend previous theoretical approaches for calculating the effective star-colloid pair potential to take into account attractive contributions, which become significant at worsening solvent conditions. In order to assess the validity of our simulation and theory, we compute the effective interactions via virtual move parallel tempering Monte Carlo simulations using a microscopic bead-spring model for the star polymer and achieve excellent agreement. Finally, we perform grand canonical Monte Carlo simulations of the coarse-grained systems to study the effect of solvent quality on the phase behavior. C 2015 AIP Publishing LLC.
I. INTRODUCTION
Mixtures of hard colloidal particles and soft, penetrable colloids have attracted a great deal of interest in the last two decades. [1] [2] [3] [4] The vast majority of the investigations have been based on the prototypical Asakura-Oosawa model, 5 in which polymers are modeled as ideal particles that are excluded from the colloids within a spherical region whose size is set by the sum of the radii of the colloids and the polymers. However, more realistic models of polymers have also been investigated, [6] [7] [8] [9] [10] [11] leading to better agreement between experimental results and the Asakura-Oosawa model. A great deal of interest in colloid-polymer mixtures has focused around questions related to the interplay between macroscopic phase separation and the glass and gelation lines induced by the combination of hard-sphere repulsions and the polymer-induced depletion attractions. [12] [13] [14] Considerably less is known about mixtures of soft colloids with other additives. The prototype of deformable colloids with tunable softness is star polymers. 15, 16 These macromolecules are made of f homopolymer arms attached to a common central core; their penetrability depends both on the functionality f and on the interaction of the homopolymer arms with the solvent. 17 Star polymer solutions present a rich phase diagram that, depending on f and on the density of stars in solution, spans from fluid to solid phases. [18] [19] [20] Moreover, their mixtures with linear chains 21 or with smaller stars 22 display very rich equilibrium phase diagrams as well as a variety of dynamically arrested states, which are manifestations of the deformability of the polymer-based colloids.
Very recently, attention was turned to mixtures of star polymers and smaller hard colloidal particles. [23] [24] [25] The addia) Electronic mail: anikouba@uni-mainz.de b) Electronic mail: christos.likos@univie.ac.at tion of hard colloids to such solutions allows one to tune the location of the phase transitions in the phase diagram as well as to control the location of the line of dynamic arrest of the stars and its interplay with the demixing binodal. For a good solvent, the factors setting the properties of the starcolloid mixtures are the density of additives in solution and the size ratio q = R g /R c between the average radius of gyration of the star polymer R g and the colloid radius R c . This dimensionless quantity defines two distinct regions: the first one is the so-called protein limit q 1, in which the radius of gyration of the stars is bigger than the colloidal radius.
Here, the degrees of freedom of the macromolecules play an important role and many colloidal particles can interact at the same time with the same star polymer thus setting space for many body interactions. [26] [27] [28] Recent combined experimental and theoretical studies have revealed that the addition of small colloidal depletants to a solution of star polymers has the ability to drastically change the dynamical scenario inducing, upon increasing density of the depletant, several rheological states, including phase separation and fluid like suspension. Moreover, the combined theoretical and experimental studies proven the accuracy of a theoretical approach that is able to predict the phase behavior of the complex solution. 23, 25, 29 When, on the other hand, the radius of the colloids is bigger than the radius of the star polymers, the solution is in the so-called colloidal limit (q 1). In this regime, the main equilibrium properties can often be rationalized by means of the AsuakuraOosawa picture of depletion. [30] [31] [32] [33] [34] Most of the computational studies on mixtures of stars and rigid colloids have been carried out at athermal solvent conditions for both components, where all interactions involved are purely entropic in nature. 23, 24 However, changes in solvent quality affect both the softness and penetrability of the stars. be strongly dependent on the interactions between stars and solvent, thus opening a new path to control the equilibrium properties of the assemblies making temperature a key parameter in influencing phase separation.
Simulations on mixtures of homopolymer chains and colloids in various solvent qualities show parallels between phase diagrams when the interaction between the polymers and the solvent worsens and when the size of the chains is reduced.
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A selective change of the solvent quality for the star polymer, thereby creating an intramolecular-intermolecular imbalance in the interactions of the monomers constituting the star polymer and in the star-colloid interaction, is a possible path to experimentally control phase separation behavior in mixtures of soft and hard colloids.
The goal of the present manuscript is to analyze the effects of worsening solvent quality for the colloidal particles arising from changing temperature in colloid-polymer mixtures. The large number of interaction sites makes it computationally infeasible to study the phase behavior of star-colloid mixtures using microscopic models, which retain the molecular details of the polymers. Therefore, we develop a coarse-grained description of the system, where we integrate over all the polymer's internal degrees of freedom and map it to a single ultrasoft interaction site. We then use this model in conjunction with grand canonical Monte Carlo (GCMC) simulations and histogram reweighing techniques to determine the phase behavior of the mixtures.
The manuscript is structured as follows: we present our theoretical model for the effective star-colloid pair potential in Section II, and then compare our theory to simulation data in Section III. In Section IV, we investigate the effect of size ratio and solvent quality on the phase behavior of these systems. In Section V, we summarize and draw our conclusions.
II. THEORETICAL APPROACH
The morphology of each star polymer is determined by its functionality f and its arm length P, while the rigid colloids are characterized by their radius R c . The most common physical origin of attraction between two colloidal particles is the dispersion force between fluctuating dipoles. Following standard arguments, 35 one can show that starting from atomic dipoles and using superposition to construct mesoscopic particles of volumes V 1 and V 2 , made of material elements (denoted by the indices 1 and 2) and immersed in a solvent (denoted by the index 3), the resulting dispersion forces U disp (r) at interparticle separation r have the general form, 35, 36 
with the Hamaker constant A 132 > 0, which depends on the particular materials and the solvent as
In Eq. (2), the quantity A ii , i = 1, 2, 3 denotes the Hamaker constant between two material elements of type i in vacuum. Accordingly, the dispersion forces can be completely switched off, ideally, when the two materials and the solvent are identical, in the so-called athermal solvent limit. In practice, if a polymer (chosen now to be denoted by index 1) is dissolved in a solvent such that A 11 A 33 , i.e., if the dispersion forces are weak in comparison to the strong steric repulsions, good solvent conditions are achieved and the statistics of the chain are characterized by the properties of a self-avoiding random walk.
In previous experimental studies of star polymer-colloid mixtures, the rigid colloids were composed of exactly the same material as the star polymers, resulting in A 11 = A 22 , so that dispersion forces between all components could be ignored, and only short-range, repulsive interactions needed to be taken into account in the modeling of the mixture; 25 in fact, this choice of material for the colloidal particles was made precisely for the purpose of suppressing the dispersion forces between colloids and star polymers. More generally, colloidal particles can be made of some other material, so that significant dispersion forces between star polymers and colloids can appear, according to Eq. (2). This being the case, then also dispersion forces between colloidal particles are expected to appear. However, as Eq. (1) shows, the overall dispersion attraction between colloids also scales with the product of the particles' volume. Accordingly, the ratio of the colloid-colloid dispersion attraction to its star-colloid counterpart will scale as q −3 . Since we are interested here in the q > 1 case (in fact, we are dealing mostly with the region q > 2), the colloidcolloid dispersion attractions are expected to be one order of magnitude weaker than the star-colloid ones, and therefore, we ignore them. Accordingly, for two particles separated by distance D, the star-star effective interaction U 11 (D) is given by its well-established form for good solvent conditions, 15, 25 and the colloid-colloid effective interaction U 22 (D) is modeled as a hard-sphere potential. We thus need to modify only the star-colloid effective interaction U 12 (D).
In order to derive an expression for the (dispersion) attraction between a colloid and a star polymer, let us first consider a solid colloid and a point-like monomer at distance R from the colloid's center, which coincides with the origin of the system of coordinates. Denoting as φ mc (r) the attractive contribution to the interaction between a monomer and a molecule of the colloid, the attraction between the colloidal particle and the monomer, Φ att (R), can be expressed as
where ρ c (r) denotes the density profile of the colloidal particle, assumed to be spherosymmetric. Eq. (3) allows for a "deep coarse-graining": if the interaction potential φ mc (r) between the constituent matter of the colloid and the monomer (e.g., polystyrene) is known, one can use Eq. (3) in conjunction with the density profile of the colloid to compute Φ att (R). However, explicit knowledge of φ mc (r) is not necessary for determining the effective colloid-monomer interaction, as will be demonstrated. Let us now extend our considerations from a single monomer to an entire star polymer, with its anchor point separated from the colloid by the vector D. Without loss of generality, we separate the effective star-colloid interaction, U 12 (D), into two contributions, a purely repulsive one due to steric effects, U rep (D), and an attractive one due to the mismatch in solvent quality, U att (D). Previously, the steric contribution U rep (D) has been determined analytically by considering the osmotic pressure exerted by the star on the surface of the colloid, 23, 37 and thus, we will concentrate here on deriving an expression for
To develop an analytic expression for U att (D), we first model the star polymer by its inhomogeneous monomer distribution ρ (0) s (r), as shown schematically in Fig. 1 . Here, we use the expression for an isolated, unperturbed star as derived in Ref. 38 . It is conceivable that this approximation breaks down as D → 0, because the star polymer might deform and wrap around the colloid, leading to an anisotropic density distribution, which is not captured in our theory. We surmise that this effect should become more pronounced with decreasing q. However, the excellent agreement between the theory and simulations (see Section III) provides an a posteriori justification for our approximation, even for size ratios q ≈ 1. With the geometry depicted in Fig. 1 , the density profile of the star is given by
In Eq. (4), the step function Θ takes into account that the monomers of the star are excluded from a region around the colloid due to steric hindrance, and α(D) is a numerical coefficient, which guarantees that the integrals of ρ s and ρ We can now calculate the overall attractive contribution between the colloid and the star polymer, given the microscopic interaction φ mc (|r 1 − r 2 |) and the density profiles ρ c and ρ s . Taking advantage of the radial symmetry of the system and employing Eq. (3) then yield
Note that Eq. (5) does not depend on the microscopic interaction φ mc (r) any more, but on the attractive contribution of the whole colloid-monomer interaction, Φ att (r), instead, which is a known input parameter from the simulations. For computational purposes, it is convenient that the ratio
takes the form of a convolution between the unperturbed star density ρ (0) s (r) and the modified potential
where symbols with a tilde (∼) indicate Fourier transformed quantities. The quantityρ
is known from Ref. 38 , whereas Ψ(k) is also known from the modeling of the attractions, see Section III. Thus, we can compute the ratio U att (D)/α(D) by taking the inverse Fourier transformation of Eq. (6). To model more realistically the exclusion of the monomers from the interior of the colloid, which enters into the calculation of the functionΨ, we replace the sharp step function Θ(r) with a smoother Fermi-Dirac function subtracted from unity,
The steepness of the cutoff of Θ(r) can be controlled through the parameter ξ, and we found that ξ = 0.1 leads to a reasonably sharp and smooth boundary. Finally, we augment the considerations of the attractions by one additional factor: aiming at modeling of various conditions of solvent quality (usually controlled in experiments by a change of temperature), we introduce a scaling factor λ ≥ 0, which multiplies the attractive potential Φ att (r) and consequently, via Eq. (5), also U att (D),
Choosing, e.g., λ = 0 allows us to switch off all attractions. Accordingly, the total effective potential between a star polymer and a rigid colloid, U 12 (D), is a λ-dependent quantity given by
The repulsive contribution U rep (D) diverges as the colloid surface approaches the star anchor, 23, 37 and therefore, it is preferable to plot U 12 (D) against the center-to-surface separation z = D − R c . In Figure 3 , the star-colloid potential U 12 (z) for f = 18, q = 1.85, and λ = 0.1 is shown, together with the individual contributions from the right-hand side of Eq. (9), in which the attractive term has been modeled according to Eq. (12) to follow. It is clearly visible that the total potential is dominated by U rep (D) when the colloid surface approaches the anchor point of the star polymer. As the colloid moves further out from the core region, U att (D) becomes more important,
causing a long-ranged attraction in U 12 (D), well beyond the star's radius of gyration. In fact, already a relatively small mismatch in solvent quality is sufficient to cause a sizable attraction between the star and the colloid. This effect is especially pronounced when the colloid surface is located in the corona of the star.
From a microscopic point of view, this behavior can be understood as follows: due to the solvent mismatch for the colloid, it is energetically favorable to shield it from the solvent by wrapping the star's arms around it. This reasoning suggests that the attractive contribution should become larger as the colloid is approaching the star center, since the monomer density increases significantly as D → 0 (see Fig. 2 ). This trend is confirmed by our calculations as shown by the evolution of U att (D) in Fig. 3 . At the same time however, the high monomer density in the core region hinders the colloid from penetrating it due to excluded volume effects.
These arguments indicate that both U rep (D) and U att (D) should increase with decreasing q, since, on the one hand, the colloid takes up more volume as it approaches the star center, increasing the steric repulsion U rep (D). On the other hand, the contact area between the star polymer and the colloid grows, leading to an increase of U att (D). In Figure 4 , we show the total effective interaction U 12 (D) between a star polymer and a colloid for various size ratios q at fixed f = 18 and λ = 0.1 ,   FIG. 4 . The star-colloid effective potential U 12 (z) against the surface-tocenter separation z for various size ratios q at fixed functionality f = 18 and interaction strength λ = 0.1.
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III. SIMULATIONS AND COMPARISON TO THEORY
In order to validate the effective potential from theory, we computed the effective potential between a single rigid colloid and an isolated star polymer via Monte Carlo (MC) simulations. We used a bead-spring model for the polymer, where each arm was comprised of P = 50 monomers with radius R m . This choice falls in the scaling limit for the potentials and models we used. 23 The bonded interactions are given by the finitely extensible nonlinear elastic (FENE) potential,
with σ = 2R m , the spring constant k, and maximum extension R 0 . We used the standard Kremer-Grest parameters k = 30 ε/σ 2 and R 0 = 1.5 σ, 40 which prevent unphysical bond crossings. Non-bonded interactions between the monomers are modeled through the purely repulsive Weeks-ChandlerAndersen (WCA) potential, 41 to mimic good solvent conditions for the star polymer,
The excluded volume interactions between the monomers and the colloid, Φ rep (r), are also modeled through a functional form identical to that of Eq. (11) but with the change of scale σ → σ mc = R c + R m . More accurate pair potentials have been derived when R c ≫ R m , 42 but we decided to keep the same monomer-colloid interaction potential for all size ratios q for the sake of consistency. This approach is justified by the excellent agreement between the MC simulations and theory previously established for the athermal case, 23 where a similar range of size ratios was investigated. In the case of an implicit solvent, thermal effects can be introduced into our microscopic model by adding an attractive contribution to the monomercolloid interaction,
In agreement with the considerations put forth in Section II, we consider also a scaled version of the monomer-colloid attraction by multiplying Eq. (12) with a factor λ ≥ 0. Note that for λ = 1, the total monomer-colloid interaction, Φ mc (r) = Φ rep (r) + λΦ att (r), becomes the standard Lennard-Jones potential. For purposes of computational efficiency, we truncated the monomer-colloid potential at r cut = 2.5 σ mc and shifted it so that Φ att (r cut ) = 0. In order to compute the effective star-colloid potential from the MC simulations, we make use of the relation between the Boltzmann factor and the correlation function g 12 (D) at vanishing density,
In practice however, it is difficult to retrieve a sufficient number of samples for high-functionality stars, especially for small distances between the star center and the surface of the colloid. Hence, it is necessary to employ biasing techniques 44 to improve the sampling in those regions. To this end, we employed the virtual move parallel tempering Monte Carlo (VMPT-MC) technique, 45 which is a combination of the adaptive parallel tempering algorithm 46 and the waste recycling method developed by Frenkel. 47 In this work, we did not swap configurations of the system obtained at different temperatures, but rather considered a single temperature k B T/ε = 1.
The MC simulations consisted solely of translational moves for the monomers and the colloid, and we performed 500 translation attempts for each monomer before attempting a colloidal move. Hence, each MC step consisted of 500 f P + 1 individual moves, and we ran our simulations for at least 10 5 MC steps to ensure that the computed potentials have converged to their final profile.
In our theoretical description, we used the monomer density profile and the radius of gyration, R g , of an isolated star to compute the effective potential U 12 (D). In order to assess the quality of this approximation, we first measured R g for systems with and without a colloidal particle. We were not able to find any appreciable effect, even for systems with rather large colloids (q ≈ 1) and thermal interactions (λ = 0.1), which provides an a posteriori justification for our assumption. Figure 5 shows a comparison between the results from theory and simulations for various λ values at f = 18 and q = 1.85, highlighting the excellent agreement between the two. As in previous studies, 23, 37 the center-to-surface separation of the simulation data had to be shifted by r core 0.2 R g to coincide with the effective potentials from theory. This mismatch is due to microscopic effects, which are still relevant despite the chains being long enough to have reached the scaling limit of the stars. Indeed, in the star center, there is a dense core whose size scales as r core σ  f , whereas the gyration radius of the whole star scales as R g σ f 1/5 P ν , with ν 0.6.
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Using f = 18 and P = 50, we find indeed r core /R g 0.2. In the simulations, the chains are stretched near the center instead of having the statistics of a semi-dilute polymer solution. The core region is still a significant portion of the whole star, which will of course drop out of sight as P ≫ 1. Since in theory the core is already vanishingly small, it has to be subtracted from the simulation data to have a fair comparison with theory.
As an additional test of the agreement between our theory and simulations, we compared the fraction of monomers S(D) within the interaction range of the monomer-colloid interaction. This quantity is readily available in our theoretical description by integrating ρ s for a spherical shell with thickness r cut around the colloid. In the simulations, S(D) can be computed through
where g mc (r, D) is the radial distribution function between the monomers and the colloid at a fixed star-colloid separation D. Figure 6 shows S(z) for both theory and simulation. The theory slightly underestimates S(z) in the vicinity of the star center, which is likely due to the fact that we redistribute the mass contained in ρ
s cut out by the colloid homogeneously across the star's density profile [see Eq. (4)]. In reality, the monomers are displaced more locally because of the bonded interactions. Furthermore, it appears that S(z) is independent of λ, indicating that the attraction between the monomers and the colloid does not cause a significant deformation of the star polymer, over the range of λ investigated.
IV. PHASE BEHAVIOR
Having developed the set of interactions U i j (D) among the components i, j = 1, 2 of the mixture (index 1 denoting the stars and index 2 the rigid colloids), we can now proceed to an investigation of the mixing behavior of the system, depending on size ratio q and attraction strength λ. To this end, we performed GCMC simulations on these star-colloid mixtures using this coarse-grained pair potential description, while neglecting triplet interactions among stars, because they are known to only contribute a relatively small correction to their pairwise counterparts. 49 The colloid-colloid interactions were modeled using a hard sphere potential, which diverges at contact. All simulations were conducted in a cubic simulation box. We chose the edge length L such that for all combinations of chemical potentials considered, the box contained up to a few hundred N c colloids, and a similar amount of N s stars. The
3 ); the overlap concentration of stars thus occurs at ϕ * s = 1. We carefully checked our data for finite-size effects by varying L at selected state points. Moves in the MC simulations included particle insertion, deletion, and translations, which were conducted with equal probability and accepted according to the Metropolis rule. Each run was equilibrated for 10 7 MC steps, followed by a production period of equal length, during which the particle number densities were recorded every 500 steps. These measurements were then combined to produce two-dimensional histograms of star polymer and colloid densities.
We subsequently employed histogram reweighting techniques [50] [51] [52] to combine histograms from runs at many different imposed star polymer and colloid chemical potentials, µ p and µ c , respectively. This allows us to build up the underlying entropy surface, or density of states, which can be reweighted to produce the partition function of the binary mixture at any chosen external condition. From the partition function, the probability of observing a certain system with a given density of polymers and colloids may be obtained at any µ p and µ c . This probability distribution can then be mapped onto the known three-dimensional Ising distribution at the critical point, accounting for mixing of the two density fields, 53 allowing us to accurately identify the critical point in these fluids when the distributions are equal within statistical and simulation error. Subsequently, the fluid-fluid binodal curves were identified by using the equal peak area criterion. Figure 7 shows the coexistence lines and the critical points for fixed star functionality f = 18 and various size ratios q. At densities above the binodal, the system phase separates into two fluid phases, one polymer-rich and colloid-lean ("colloidal gas" phase), while the other is polymer-lean and colloid-rich ("colloidal liquid" phase). We observed phase separation for all investigated size ratios q, a finding which is in contrast to previous estimates 23 using a Barker-Henderson mapping onto effective hard spheres. 54 This metric essentially reflects the change in volume, ∆V mix , when a single star and single colloid are mixed together and was previously used under the assumption that a bulk system is expected to phase separate when ∆V mix < 0, whereas the system is expected to be stable against demixing when ∆V mix > 0. This line of argument had previously led FIG. 7 . Binodal curves of athermal star polymer-colloid mixtures for various size ratios q at fixed functionality f = 18. to the conclusion that for any f , there exists a threshold q above which the mixture will not phase separate. 23 This finding stood in contrast to other GCMC simulations which suggested that fluid-fluid phase separation of these mixtures persists deep into the protein limit. 24 Although the approach based on the non-additivity parameter does capture some essential features of the mixture (e.g., the fact that as q ≫ 1 the cross-interaction becomes very soft and penetrable), it is quantitatively inaccurate in predicting when the system would be stable against demixing. One reason for this seems to be the fact that the underlying interactions U 11 (D) and U 12 (D) are too soft and feature tails that are too long-ranged to be mapped onto effective hard spheres in a reliable way. Furthermore, this non-additivity parameter is based solely on pairwise interactions and is not a rigorous representation of the behavior of a bulk system, as evidenced by Fig. 7 which clearly demonstrates that phase separation indeed persists in the protein limit for a star ( f = 18) which had been predicted to yield only a stable single phase at q 1.25.
The binodal shifts to lower ϕ c and higher ϕ s as q is increased. These trends are in qualitative agreement with previous microscopic MC simulations of mixtures of rigid colloids and low-functionality stars on a lattice. 24 The predicted coexistence densities for both the colloids and stars are roughly a factor of two lower in our coarse-grained simulations, though this discrepancy is not unreasonable considering the present model is not on a lattice, nor does it contain any explicit details about the conformational changes of a star's corona when encroached upon by multiple colloids and their resulting threebody interaction.
Let us now turn our attention to the effect of solvent quality on the phase behavior by systematically increasing λ. This is of particular importance since experimentally it is very hard to tune the star-colloid interactions to purely steric repulsions, and therefore, one needs to know how strong the effect of residual attractions on the demixing binodals might be. Moreover, it has been demonstrated that for high-functionality stars, the addition of colloids brings about a melting of the glass formed by the star polymers, with the glass line ending at the demixing binodal resulting in arrested phase separation. 25 The evolution of the (repulsive) glass line upon addition of colloids is not expected to depend drastically on the star-colloid interactions, since it is mostly dictated by short-range, caging effects. The binodal, on the other hand, can be shifted by large amounts once attractions are present, and their interplay can be used to control the location of structurally arrested states in the phase diagram.
Representative results quantifying the effects of starcolloid attractions on the demixing binodals are shown in Figure 8 . It is evident that the coexistence lines drastically shift to higher polymer-and colloid-concentrations as the solvent quality is decreased. With increasing λ, the effective crossinteraction between the colloid and polymer becomes energetically more favorable, offsetting the entropic penalty for the two species to overlap. This entropic penalty, better known as the depletion interaction, drives phase separation in the athermal case. The system becomes stable at higher densities as this driving force is reduced, shifting the binodal as shown in the figure. The increased propensity of stars and colloids to be in the neighborhood of one another suppresses the colloidinduced depletion between the stars and stabilizes the mixture. Accordingly, a larger region of miscibility between the two components opens up, in which the ergodic-to-nonergodic transition of the star polymers upon addition of colloids can be investigated before it interferes with the binodal line of the demixing transition.
Although the values of λ that bring about this change in the location of the binodals may seem quite small, the effective cross-interaction between the colloid and star polymer is very sensitive to the value of λ. To illustrate this, and to rationalize our findings, we consider the evolution of the reduced second virial coefficient B * 2 of the cross interaction, which quantifies the deviation from ideal gas behavior due to pairwise interactions, relative to that of hard spheres, 
As B * 2 approaches zero, the stars and colloids have effectively no excluded volume and behave essentially like ideal gas particles with respect to each other at the two-body level. When B * 2 = 1, the stars and colloids interact as if they were effectively hard spheres with radii R g and R c , respectively. We would like to remark that B * 2 can exceed unity in our systems, since the star's corona extends well beyond R g . Regardless, as B * 2 decreases, the excluded volume which drives the depletionbased attraction between the two species is reduced, which stabilizes the mixture against phase separation. We have found B * 2 = 1.4, 1.2, 0.89, and 0.55 as we merely increased λ from 0.00 to 0.03, which is consistent with the phase behavior shown in Figure 8 .
V. CONCLUSIONS
We analyzed the impact that the addition of small, hard colloids has on the behavior of suspensions of large star polymers. For this purpose, we employed a previously derived coarse-graining approach for the steric interactions between monomers and colloids, and we enhanced it with a mean-field approach to take into account attractions of varying strength that can develop between the two components as an effect of varying solvent quality. Our approach is valid for the range of good solvent conditions for the polymer where the statistics of the chain still follow the rules of a self-avoiding random walk; the solvent effects primarily manifest themselves by increasing the attraction between the star polymers and the rigid colloids. The validity of our coarse-grained models was confirmed via monomer-resolved simulations. To complete the bridging of the length scales all the way to the macroscopic one, we conducted grand canonical Monte Carlo simulations based on the coarse-grained model, to investigate the phase behavior of these mixtures for various size ratios and solvent qualities.
Our investigations have brought forward two significant novel aspects: First, the evolution of the phase diagram as a function of size ratio for athermal solvents, demonstrating that demixing persists for much more asymmetric mixtures than previously thought. Second, we were able to demonstrate that even weak attractions between star polymers and colloidal particles can have drastic effects on the location of the demixing binodals, which, in comparison to the athermal case, expose a broader thermodynamically stable region of the phase diagram. More detailed investigations are called for, both theoretically and experimentally, to look into the location of the structural arrest line and the possibility of novel glassy states for these thermal soft/hard colloidal mixtures. These questions will the subject of future investigations.
